Direct determination of the free-carrier injection density, the free-carrier absorption, and the recombination factors in double heterostructure diodes by optical phase measurements. Part III J. Appl. Phys. 97, 123536 (2005) We have constructed an improved version of a photon-counting phase-modulation fluorometer (PC-PMF) with a maximum modulation frequency of 1.0 GHz, where a phase domain measurement is conducted with a time-correlated single-photon-counting electronics. While the basic concept of the PC-PMF has been reported previously by one of the authors, little attention has been paid to its significance, other than its weak fluorescence measurement capability. Recently, we have recognized the importance of the PC-PMF and its potential for fluorescence lifetime measurements. One important aspect of the PC-PMF is that it enables us to perform high-speed measurements that exceed the frequency bandwidths of the photomultiplier tubes that are commonly used as fluorescence detectors. We describe the advantages of the PC-PMF and demonstrate its usefulness based on fundamental performance tests. In our new version of the PC-PMF, we have used a laser diode (LD) as an excitation light source rather than the light-emitting diode that was used in the primary version. We have also designed a simple and stable LD driver to modulate the device. Additionally, we have obtained a sinusoidal histogram waveform that has multiple cycles within a time span to be measured, which is indispensable for precise phase measurements. With focus on the fluorescence intensity and the resolution time, we have compared the performance of the PC-PMF with that of a conventional PMF using the analogue light detection method. C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
This paper reports in detail on the construction of an improved version of a photon-counting phase-modulation fluorometer (PC-PMF) and demonstrates the usefulness of this PC-PMF based on fundamental performance tests. The concept of the PC-PMF and the construction of the primary instrument to demonstrate the proof-of-principle have been reported previously by one of the authors.
1 However, at the time of publication, little attention was paid to the significance of the PC-PMF, apart from its capability for weak fluorescence measurements. Recently, we have fully recognized the importance of this instrument and its potential for fluorescence lifetime measurements, as described below.
Fluorescence lifetime measurements play important roles in a variety of fields, including analytical chemistry, biological chemistry, materials science, and medical applications. For example, in analytical chemistry, fluorescence lifetime values can be used to distinguish between two samples with similar spectral shapes that would otherwise be indistinguishable. When used in combination with a polarized-light measurement technique, fluorescence lifetime measurements allow us to obtain information on the dynamic behavior of specific molecules. 2 Methods to obtain fluorescence lifetime values can be divided into two categories: time-domain (TD) methods and frequency-domain (FD) methods. 3, 4 In TD methods, the ima) Author to whom correspondence should be addressed. Electronic mail: iwata@tokushima-u.ac.jp pulse response of the fluorescent sample is measured, which allows us to obtain the fluorescence decay waveform directly. In contrast, FD methods correspond to techniques used to measure the steady-state response of the sample. Therefore, FD methods should be applied to biological samples that would be readily affected by the pulsed excitation light. In the early stages of FD instrument development, a PMF with a single modulation frequency was used. However, the PMF had two problems: (i) it was only applicable to fluorescent samples with impulse responses that were expressed as a single exponential function, i.e., it was not applicable to multicomponent samples and (ii) it was not applicable to low-quantum-yield fluorescent samples in principle. However, the first problem has been solved by adoption of plural modulation frequencies. 5, 6 One possible solution to the second problem is to use the PC-PMF that we have proposed here.
The initial PMF subsequently progressed to become the FD-PMF after the appearance of the high-repetition-frequency mode-locked laser (MLL). 4, 7 The output signal from a light detector such as a photomultiplier tube (PMT) was fed into a spectrum analyzer, 3, 8 or the signal waveform measured using a high-speed oscilloscope was Fourier-transformed. To derive the fluorescence lifetimes, the amplitude ratio and/or the phase differences between the reference signal and the fluorescence waveform at the fundamental modulation frequency and its harmonics were calculated. The FD-PMF enabled us to simultaneously determine lifetime values for multicomponent samples. Recently, a 10 GHz FD-PMF using a microchannel plate PMT (MCT-PMT) was reported, for which scrupulous attention was paid to the detection electronics. 9 The MLL has also been used in TD instruments. In the TD method, the use of the time-correlated single-photon-counting (TC-SPC) technique has become popular, where a combination of a timeto-amplitude converter (TAC) and a multichannel analyzer (MCA) operating in a pulse-height-analyzer (PHA) mode is used as a time analyzer. The resolution time per channel is less than 10 ps. At present, it is difficult to determine the drawbacks of these two types of MLL-based instrument. However, the two systems can be somewhat complicated and expensive. Additionally, the MLL system lacks the freedom to select the appropriate excitation wavelength for the sample under test.
However, the recent commercial availability of lightemitting diodes (LEDs) and laser diodes (LDs) in the blue and ultraviolet (UV) wavelength regions has changed the original concept slightly for fluorescence lifetime measurements; [10] [11] [12] [13] they have been adopted in the TD instruments and FD-PMFs. The use of LED or LD excitation light sources offers ease of construction and simple operation. Depending on the fluorescent sample, the LED (or LD) can be replaced with another device easily and quickly so that the emission wavelength matches the absorption wavelength of the target sample. This type of instrument is effective when we want to know the approximate fluorescence lifetime values for a specific purpose, such as screening of samples. In fact, a relatively inexpensive instrument with a LED or LD as a pulsed excitation light source is commercially available (for example, EasyLife™ series, Photon Technology International, Inc., NJ, USA).
The reason why the conventional PMF with a LD is reconsidered in this paper is that it offers an advantage over pulsed excitation instruments. Short fluorescence lifetimes can be obtained with high precision, even when using a relatively low modulation frequency. For example, a 10 ns-lifetime value can be obtained with precision, even when using a 5.0 MHz modulation frequency. In strict, in order to obtain the 10 nslifetime value with the highest sensitivity, the optimal modulation frequency should be 15.9 MHz, at which frequency the modulation ratio and the phase shift become 1/ √ 2 and π/4, respectively.
2, 21 However, even when the modulation frequency deviates from the optimal one, the phase measurement still works fairly well. This situation and reason can be explained qualitatively as follows: in the phase modulation method, we measure the steady-state response of the fluorescent system, whereas in the pulsed excitation method, we measure the impulse response of the system, as described above. Therefore, although we cannot make a simple and fair comparison, the phase modulation method has an advantage over the pulsed excitation method in terms of the amount of information per unit frequency, provided that the measurement time and the excitation power are identical. The use of a conventional PMF equipped with a LED (or LD) is therefore worthwhile. However, the conventional PMF was still difficult to use for measurement of multicomponent samples. To solve this problem, several promising techniques have been proposed, including variable frequency methods, [14] [15] [16] Fourier transformbased methods, 17, 18 frequency-multiplexing methods, 19, 20 and a phase-modulated method. 21 Although we have described that the PMF with LD is of use, it still has two technical problems that have not been described clearly. The first problem concerns the light detector. A high-speed PMT is usually used as the fluorescence detector. The value of the load resistor for the PMT is thus commonly set to be 50 Ω to accommodate impedance matching to a 50 Ω-characteristic impedance coaxial cable and a 50 Ω-input impedance high-speed amplifier connected to the cable. In this setup, if we perform the analogue light detection procedure, then the average anode current of the PMT will easily exceed its absolute rating value. As a result, the cathode and the anode of the PMT are both easily damaged. If we use a larger load resistor value, the PMT cannot respond to the high modulation frequency. As a result, it is difficult to use a conventional PMT for "bright" fluorescent sample measurements; it is necessary to deliberately reduce the fluorescence intensity. However, a reduction in the fluorescence intensity results in a reduced signal-to-noise ratio (SNR). Although we can reduce the voltage applied to the PMT, this affects the response time of the PMT. The use of a Geiger-mode avalanche photodiode (APD) has been reported recently. 22, 23 However, it is hard to use this APD in many applications because the light detection area of such a high-speed APD is extremely small, e.g., 0.1 × 0.1 mm. The conventional PMF should therefore be applied to fluorescent samples with quantum efficiencies that are "moderately" high. The second problem with the conventional PMF is the attainable resolution time limitation. In general, the PMF's high phase measurement precision capability was the reason why it was superior to the pulsed excitation method, as described above. However, the time constant of the resistorcapacitor (RC) low-pass filter formed at the output circuit of the PMT is approximately 2.5 ns for the R = 50 Ω load resistor and the stray capacitance of C 50 pF. The stray capacitance consists of the output capacitance of the PMT itself and that of the coaxial cable connected to the PMT. Therefore, the fluorescence lifetime values of a few nanoseconds that were obtained lack reliability as a result, even if the mathematical deconvolution technique 24, 25 is introduced. In a modern PMF, a heterodyne (or homodyne) technique is introduced to overcome such difficulties. [26] [27] [28] [29] [30] [31] [32] [33] Usually, the gain of the PMT is modulated at a frequency that is near (the same as) the modulation frequency of the excitation light source to generate a low beat frequency (dc) signal at the output of the PMT. Because the heterodyne (homodyne) detection technique reduces the frequency bandwidth of the system, the large value of the load resistor can be connected to the output of the PMT. 20, [29] [30] [31] 33 In this fashion, the SNR and the sensitivity are improved, as was done by the conventional cross correlation technique. [34] [35] [36] Resultantly, the precise phase (or amplitude) measurements for obtaining the fluorescence lifetime values are performed with success. 28 Nowadays, the heterodyne (homodyne) technique is introduced in the field of fluorescence lifetime imaging microscopy (FLIM), where a combination of a gain modulated image intensifier and a two-dimensional imaging camera is usually used. [37] [38] [39] [40] However, the heterodyne (homodyne) method still suffers from the limitation of the frequency bandwidth of the PMT or that of the image intensifier. As a result, the attainable resolution time in the fluorescence lifetime measurement is limited to a nanosecond order. Although the application of the heterodyne (homodyne) light detection method is preferable for use in the low fluorescence intensity situation, it is still hard to use in the single photon situation, because the heterodyne (homodyne) method is inherently the analogue one.
Our proposed PC-PMF can solve above mentioned problems simultaneously: we have constructed a hybrid method, where a phase-domain measurement is conducted with TC-SPC detection electronics to circumvent the limitation of the response time and the low sensitivity. By introducing the TC-SPC technique into the conventional PMF, "extremely weak" fluorescence measurements can be realized. Because the aim of the PC-PMF is to perform weak light measurements, the problem of the damage to the anode (or cathode) electrode is alleviated at source. The resolution time attainable using the PC-PMF is exactly the same as that of the TC-SPC instrument, and high-speed measurements that exceed the frequency bandwidth of the PMT are possible. This is the outstanding advantage of the PC-PMF, in addition to its weak fluorescence measurement capability. While the problem of the total measurement time remains, it may be tolerated to an extent because the original aim was to measure weak fluorescence. Additionally, under extremely low fluorescence intensity conditions, it may be possible to enhance the measurement sensitivity by using a large load resistor value for the PMT and considering a trade-off between the sensitivity and the resolution time. 20, [29] [30] [31] 33 Finally, we have to note that the role the PC-PMF and that of the heterodyne (or homodyne)-based PMF are different: the PC-PMF should be used when the high modulation frequency measurements, exceeding several hundreds of megahertz, and/or when the extremely low fluorescence intensity measurements are necessary, whereas the heterodyne-based PMF is used for the more general cases.
The PC-PMF that we reported previously was a primary version, in which an ultraviolet LED was used as the excitation light source with a maximum modulation frequency of 10 MHz. Therefore, the time span of the histogram waveform obtained from the MCA was less than one cycle of the modulation frequency for a given number of channels, and precise phase measurements were difficult. For precise phase measurements, it is essential to build a histogram waveform with multiple cycles in the time span and to increase the number of channels used. In our new version of the PC-PMF, we have used a LD as the excitation light source and have designed a stable LD driver with a modulation frequency of 1.0 GHz. We show that a histogram waveform with more than 50 cycles can be obtained for a time span of 50 ns when using 8192 channels. In this paper, we present the details of the highperformance PC-PMF. We also compare the proposed PMF with the conventional analogue version in terms of the applicable fluorescent intensity and the attainable resolution time. Figure 1 shows a timing diagram to explain the principle of operation of the PC-PMF. Here, we note again that the PC-PMF is the combined instrument of the TC-SPC instrument (which is used in the pulsed excitation mode) and the conventional PMF (which is used in analogue light detection mode). T = 1/ f ). A typical fluorescence waveform of the type that would be obtained when the fluorescence intensity is high is shown in Fig. 1(b) , where θ is the phase difference between the reference waveform and the fluorescence waveform. The conventional PMF using the analogue light detection method is used in this situation. The fluorescence lifetime value τ can be calculated from the following equation, 2πτ f = tan θ, using the measured value of θ and the known modulation frequency f , while assuming that the decay can be expressed by a single exponential function.
II. PRINCIPLE OF OPERATION
However, when the intensity of the fluorescence is low, we can no longer use the analogue light detection method. This is because the output signal obtained from the PMT becomes a multiple photoelectron-pulse situation, as shown in Fig. 1(c) . The probability of the appearance of photoelectron pulses as a function of time is proportional to the magnitude of the analogue fluorescence waveform shown in Fig. 1(b) . The lower fluorescence intensity limit to which we can apply the heterodyne-based (or homodyne-based) PMF is around in this situation. If the fluorescence intensity reaches an extremely low level, the output of the PMT becomes a single photoelectron scenario, as shown in Fig. 1(d) ; a maximum of one photoelectron pulse is generated for each excitation cycle. However, the probability of appearance of these photoelectron pulses is still the same as before. In this situation, we introduce the TAC, which is usually used in the TC-SPC technique in the TD method. The trigger signal that is fed into the start input terminal of the TAC is shown in Fig. 1(e) ; the frequency of the signal is f /n, where n is the number of the frequency division for the modulation frequency f . The TAC measures the time intervals between the leading edge of the initial pulse and that of each photoelectron pulse, as shown in Fig. 1(f) . The output signal from the TAC is fed into the MCA, which works in the PHA mode, where the TAC time span is T s . The overall dead time of the "plus-one" procedure performed in the TAC and MCA pair to build the histogram is 8 µs in the present system, which is mainly because of the analogue-to-digital conversion (ADC) time. Therefore, the typical frequency of f /n becomes less than 125 kHz, as shown in Fig. 1(e) . In a practical situation, however, we can increase the frequency f /n up to 1/T s , thanks to the next-arrival-pulse prohibition (disable) function of the TAC-MCA pair during the "plus-one" procedure, which enables the count efficiency to be enhanced (this topic will be discussed again in Sec. IV A). In this manner, after numerous excitation cycles, we can build a histogram waveform statistically as shown in Fig. 1(g) , which shows the same waveform as that shown in Fig. 1(c) but with a time span of T s .
By measuring the reference and fluorescence histogram waveforms sequentially, we can estimate the fluorescence lifetime value using the same data analysis procedure that was used for the conventional PMF. Introduction of the TC-SPC technique means that the nominal resolution time is improved in comparison with that of the conventional PMF. Figure 2 shows a LD driver circuit that was designed for the PC-PMF. The excitation light source used here was a violet LD (NDV4313; emission peak wavelength, 405 nm; maximum output power, 140 mW; threshold current, 35 mA; Nichia Co., Tokushima, Japan). The LD, however, can easily be replaced with another LD to match the excitation wavelength of the targeted sample to be measured.
III. INSTRUMENTAL SETUP

A. LD driver design
The LD driver consists of two parts. The first part includes a transistor Q1 (BFG591; transition frequency, 7.0 GHz; maximum collector current, 200 mA; NXP Semiconductors, Eindhoven, Netherlands), which is used for the LD bias current control. The other part includes the same transistor (Q2) that was used for the high-frequency sinusoidal current modulation of the LD. By adopting these two transistors, the bias current and the modulation current can be controlled independently; the circuit design and the adjustment of the design are therefore simplified. This is the reason why one LD can be replaced with another so easily. The output power of the LD is monitored by a built-in photodiode (PD) and is used to stabilize the long-term working conditions via a negative feedback circuit. The cutoff frequency of this feedback circuit is approximately 100 kHz.
The degree of modulation of the LD at the modulation frequency of 100 MHz was approximately 75% when the bias current, the modulation current, and the average output power of the LD were 70 mA, 20 mA pp , and 70 mW, respectively. Here, we defined the degree of modulation as the difference between the maximum and the minimum power divided by the averaged power. We have estimated this quantity from the reference waveform obtained from the PC-PMF system. Under the same conditions, the degree of modulation was 50% at the modulation frequency of 1.0 GHz. We thought that the modulation frequency of 1.0 GHz was the maximum frequency attainable by the entire PC-PMF system (this will be discussed in Sec. IV B). Figure 3 shows a block diagram of the PC-PMF. The excitation light source and its driver were described in Sec. III A. The sinusoidal modulation signal for the driver is obtained from a phase-locked-loop (PLL) frequency synthesizer integrated circuit (ADF4350BCPZ; period jitter of <0.5 ps rms; Analog Devices, Norwood, MA, USA) with a reference oscillator (AWG520; period jitter of 6.0 ps rms; Tektronix, Beaverton, OR, USA). The reference oscillator typically generates a 10.0 MHz sinusoidal waveform and the PLL frequency synthesizer generates an up-converted frequency in the f = 100 MHz-1.0 GHz range. Fluorescence from the sample was fed into the PMT (R7400U, Hamamatsu Photonics K. K., Shizuoka, Japan) through a long-wavelength pass filter (LPF; SCF-50S-44Y, cutoff wavelength of 440 nm, Sigma Koki Co., Saitama, Japan). Where necessary, a neutral density filter (NDF) with an appropriate optical density value was inserted into the emission side to adjust the fluorescence intensity. The output photoelectron pulses obtained from the PMT were fed into a start-input terminal of the TAC (Type 566, Ortec, Oak Ridge, TN, USA) through a constant fraction discriminator (CFD; Type 584, Ortec, Oak Ridge, TN, USA). The stop pulse for the TAC was obtained from the function generator through a 1/n frequency divider. These connections for the start-and stop-input terminals of the TAC are the "reverse" connections that are frequently used to improve the count efficiency. The TAC output signal was finally fed into the MCA (TRUMP CARD 8k, Ortec, Oak Ridge, TN, USA) to build the histogram waveform.
B. Block diagram of the PC-PMF
When measuring the reference waveform, we replaced the fluorescent sample with a diffusion plate that has no wavelength dependency in reflection. The MCA has 8192 channels and the time span of the TAC is T s = 50 ns. Therefore, the nominal resolution time given by the channel interval per single channel is 6.1 ps. In this setting, more than one cycle of the sinusoidal waveform can be recorded when f > 20 MHz. As described in Sec. III A, a major part of the total (or real) measurement time R in the present system is the ADC time (8.0 µs) of the TAC system. The maximum repetition frequency for construction of the histogram data is therefore limited to 125 kHz.
IV. MEASUREMENT RESULTS AND DISCUSSION
A. Linearity of the count efficiency and differential linearity
To demonstrate that the time analysis is performed in a normal manner by the TC-PMF, we have carried out two fundamental performance tests: the first checked the differential linearity of the channel interval and the second confirmed the linearity of the count efficiency Q for the uniformly distributed light. For these two purposes, we used the same procedure that was used for the conventional photon-counting timeanalysis system. 41 Because there is no actual definition of the count efficiency Q for the PC-PMF such as that proposed in the present paper, we have defined it here as Q = Nn/R f , where N is the total number of counts in the histogram and R is the total (or real) measurement time; Q is the average number of photoelectron pulses counted during a single cycle of the frequency f /n. Because the value of Q varies depending on the time span T s and the overall dead time (≈8 µs) of the "plusone" procedure in the TAC-MCA pair, we fixed the frequency f /n to be 10 MHz; therefore, Q = 10 −7 × N/R. Because the definition of Q here is different to the definition used in the conventional TC-SPC system, in which Q is defined as the average number of photoelectron pulses per pulsed excitation, the value of Q in this paper has a relative meaning for the PC-PMF system only; we cannot make a direct comparison between the two systems.
Figure 4(a) shows a plot of Q versus incident light power P, where R = 2400 s. The light source used was a dc-driven white LED (NSPW510BS, Nichia Co., Tokushima, Japan). The light power P incident on the PMT was varied in steps by inserting an appropriately valued ND filter and was calibrated using an optical power meter (Type 1830-c, Newport Co., Irvine, CA, USA). The linearity of Q as a function of P was maintained up to Q = 4.0 × 10 −3 , where we defined the upper limit of the linearity as a point that showed 5.0% deviation from the solid line shown in the plot. The light power corresponding to this 5.0% deviation point was 20 nW. We therefore concluded that the PC-PMF should be used when P < 20 nW to prevent waveform distortion.
Next, we evaluated the differential linearity (or the channel interval uniformity) for the same uniformly distributed incident light. The experimental setup was the same as that used in the experiments above. Figure 4(b) shows a histogram waveform that was obtained under the conditions at a point "A" (Q = 1.7 × 10 −3 and R = 4790 s for P = 10 nW), which lies in the linear range shown in Fig. 4(a) . In this case, a flatshaped histogram was obtained; the average count number per channel was 9945 and the relative standard deviation (RSD) was 1.1%. This result demonstrates the well-behaved differential linearity of the PC-PMF system; the statistics of the observed photoelectron pulses obeyed a Poisson distribution. For the case of point "B" (Q = 7.8 × 10 −3 and R = 940 s for P = 45 nW), which lies in the nonlinear range in Fig. 4(a) , the histogram waveform shown in Fig. 4(c) is slightly distorted by the count loss. Here, we have to note that a very small ripple is visible for time channels with a low index in Figs. 4(b) and 4(c). This distortion might be due to nonlinearity of TAC that we used.
B. Comparison of the PC-PMF with the conventional PMF
While the conventional PMF that uses the analogue light detection method is useful at moderately high fluorescence intensity levels, as mentioned in the Introduction, the proposed PC-PMF can be used in the extremely low intensity level range. To clarify the boundary level between the two systems, we have carried out comparative measurements using a reference waveform. The incident light power P on the PMT was varied in steps and was obtained directly from the sinusoidally modulated LD at f = 100 MHz.
The histogram waveforms shown in the left column of Fig.  5 are those obtained from the PC-PMF when (a) P = 100 nW, (b) P = 10 nW, and (c) P = 1.0 nW, where the maximum value in the histogram was fixed at 1.0 × 10 4 . The total measurement time R and the count efficiency Q in each case were (a) R = 210 s and Q = 14.2 × 10 −3 , (b) R = 2370 s and Q = 1.7 × 10 −3 , and (c) R = 24120 s and Q = 0.17 × 10 −3 , respectively. These three Q values lie on the linear range in Fig. 4(a) . The dc background shown in each histogram is caused by the background that was originally presented in the LD emission and in the dark current of the PMT. Here, we note again that the data points in Figs. 5(b) and 5(c) for time channels at either edges were cropped to eliminate distortions due to the TAC nonlinearity.
In the right column of Fig. 5 , we show the analogue waveforms that were recorded using a digital oscilloscope (TDS5054B; −3 dB cutoff frequency of 500 MHz; Tektronix, Beaverton, OR, USA), where (d) P = 10 µW, (e) P = 1.0 µW, and (f) P = 100 nW. We set the number of accumulations in the digital memory in the digital oscilloscope at 1.0 × 10 4 so that the waveforms appear clearly. The PMT used here was the same as that used in the PC-PMF, and the load resistance and the applied voltage were 50 Ω and −900 V, respectively. When P < 1.0 µW, we cannot obtain the sinusoidal waveform at all via the conventional analogue light detection method because of the extremely low SNR. However, the sinusoidal histogram waveform was obtained correctly by the PC-PMF when P < 10 nW. When P = 100 nW, the histogram waveform was slightly distorted, because the PMT output was no longer in the single photoelectron condition. Even in this case, FIG . 5. Comparison of reference waveform ( f = 100 MHz) obtained from the PC-PMF (left column) with that obtained from the conventional analogue light detection PMF (right column) for various incident light powers P on the PMT; (a) P = 100 nW, (b) P = 10 nW, (c) P = 1.0 nW, (d) P = 10 µW, (e) P = 1.0 µW, and (f) P = 100 nW. The analogue waveforms were accumulated by a digital oscilloscope with 1.0 × 10 4 times. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
however, the PC-PMF can be used if we deliberately lower the light power that is incident on the PMT. The borderline at which the different methods should be used is approximately P = 100 nW.
C. Maximum modulation frequency and the resolution time
We have determined the maximum modulation frequency at which the PC-PMF works well. The maximum modulation frequency attainable using the present LD driver is 1.0 GHz, as described in Sec. III A. Figures 6(a)-6(c) show the histogram waveforms that were obtained from the PC-PMF for (a) f = 250 MHz, (b) f = 750 MHz, and (c) f = 1.0 GHz, respectively, where the maximum value in the histogram was fixed at 1.0 × 10 4 and a time span of only 20.0 ns is shown to clarify the plot. The incident light power on the PMT was P = 10 nW. The total measurement time and the count efficiency Q for the three cases were R = 2400 s and Q = 1.7 × 10 −3 , respectively. The values of Q are in the linear range shown in Fig. 4(a) . The slight distortion on the envelope of the waveform in (c) might be because of the long term instability of the sinusoidal oscillator. For reference, we also show analogue waveforms measured by the digital oscilloscope in Figs. 6(d)-6(f), where P = 10 µW, and we again set the number of accumulations at 1.0 × 10 4 . The −3 dB cutoff frequency of the oscilloscope was 500 MHz. The 1.0 GHz sinusoidal waveform was obtained successfully by the PC-PMF, but not by the analogue system. The frequency exceeds both the frequency bandwidth of the PMT and the cutoff frequency of the oscilloscope. The frequency bandwidth of the PMT was determined by the time constant ( 2.5 ns) of the RC low-pass filter that was formed at the output of the PMT.
The capability to perform measurements that exceed the frequency bandwidth of the PMT is a significant advantage for the PC-PMF. The channel interval per single channel is 6.1 ps, which is determined based on the time span (T s = 50 ns) of the TAC and the total number of channels (8192) of the MCA. However, the resolution time in detection is limited in practice by the time jitter induced by the PMT, which is mainly caused by the transit time spread of the photoelectron pulses running in the PMT (Type R7400U; applied voltage of −1000 V) and is approximately 0.3 ns.
2 While the best solution to reduce the time jitter is to use the MCT-PMT, 9 we have reduced it to ≈0.17 ns by deliberately limiting the area of the PMT photocathode by using an appropriate aperture and by increasing the applied voltage up to −950 V. The overall resolution time of the PC-PMF system presented here is determined not only by the time jitter of the PMT but also by that of the LD emission. Empirically, we have estimated that the two jitters are roughly equal. The maximum modulation frequency for the LD described in Sec. III A was determined on this basis.
D. Fluorescence lifetime measurements by PC-PMF
To demonstrate the performance of the PC-PMF, we in ethanol, which is a standard fluorescent sample; the excitation wavelength and the emission wavelength were 405 and 480 nm, respectively. For the fluorescence measurement, we inserted the LPF (−3 dB cutoff wavelength of 440 nm; type SCF-50S-44Y, Siguma Koki Co., Saitama, Japan) on the emission side. However, the concentration of 1.0 nM is too low to be detected by the conventional analogue light detection method. Figure 7 shows two histogram waveforms; the first is the reference waveform and the other is the fluorescence waveform, and they were measured using the PC-PMF with f = 100 MHz, where Q = 1.7 × 10 −3 and R = 2400 s. The fluorescence lifetime value was estimated using a convolved autoregressive model-based data analysis method 33 by assuming that a single component was τ = 1.6 ± 0.1 ns(θ = 68.0
• ± 2.0
• ), which was in good agreement with the literature. 42 The next fluorescent sample that we measured was 1.0 mg/l DAPI (4 ′ ,6-diamidino-2-phenylindole) in a Tris/ EDTA (tris(hydroxymethyl)aminomethane/ethylenediaminetetraacetic acid) buffer solution, which is a fluorescent dye that is used for DNA probes. The excitation and emission wavelengths are 360 and 460 nm, respectively. We used the same 405 nm LD excitation light source as before at the cost of the excitation efficiency. We inserted the LPF (−3 dB cutoff wavelength of 440 nm; Type SCF-50S-44Y, Siguma Koki Co., Saitama, Japan) into the emission side. Figures 8(a)-8(c) show the histogram waveforms obtained from the PC-PMF for f = 250 MHz, 500 MHz, and 1.0 GHz, respectively, where (a) θ = 72
• for Q = 1.7 × 10 −3 and R = 2400 s, (b) θ = 75
• for Q = 1.7 × 10 −3 and R = 2400 s, and (c) θ = 80
• for Q = 1.7 × 10 −3 and R = 2400 s. In each figure, the reference and fluorescence waveforms are shown. To ensure the clarity of the figure, a sinusoidal waveform with a time span of 20.0 ns is shown. Figure 9 shows a plot of the phase difference versus the modulation frequency. The error bars attached to each plot were obtained from five measurements. If we assume that the decay is expressed by two exponential components, then the two estimated fluorescence lifetime values are τ 1 = 2.8 ± 0.1 ns and τ 2 = 0.19 ± 0.05 ns, with an initial amplitude ratio a 2 /a 1 = 2.7 ± 0.1. The solid line in Fig. 9 shows the estimated value. The two fluorescence lifetime values are in good agreement with those in the literature. 
V. CONCLUSIONS
We constructed an improved version of the PC-PMF: a hybrid system was constructed where a phase domain measurement was conducted with TC-SPC detection electronics to circumvent the limitation of the response time and the low sensitivity. The TC-PMF, which uses a LD as the excitation light source in combination with a laboratory-made driver is easy to construct and simple to operate. The maximum LD modulation frequency is 1.0 GHz, which exceeds the frequency bandwidth of the PMT. The introduction of the TC-SPC technique to the conventional PMF has proved effective, not only for measurements of low-quantum-yield fluorescent samples but also for enhancement of the resolution time. The proposed PC-PMF may be particularly useful for screening applications.
